Background. This study tested whether the simple ratio of ventricular end-systolic pressure to stroke volume, known as the effective arterial elastance (Ea), provides a valid measure of arterial load in humans with normal and aged hypertensive vasculatures.
A
rterial load is most commonly expressed as mean vascular resistance, a description that ignores the pulsatile nature of both pressure and flow. Under normal circumstances, oscillatory components of arterial load are minor'-3; therefore, this characterization is usually adequate. This is less true of human subjects with hypertension and/or vascular aging, in whom pulsatile load becomes increasingly prominent. [4] [5] [6] [7] [8] [9] Studies have demonstrated the importance of systolic pressure and pulsatile load as a risk factor for cardiovascular morbidity and mortality10"'1 and for ventricular hypertrophy.12 As a result, alternatives to mean resistance have been sought. A more precise and complete description is provided by the aortic input impedance spectra13"13 defined in the frequency domain.' Unfortunately, it is very difficult to link such data with timedomain or pressure-volume measurements of ventricular function in order to understand or predict their interaction.14 Studies that have attempted this'5"16 (using an inverse Fourier transform to derive an impulse response function) are complex and have thus far been relegated to modeling studies.
One approach, first proposed by Sunagawa et al,17"18 simplifies the arterial load into an effective arterial elastance (Ea). Ea is defined as a steady-state arterial parameter that incorporates the principal elements of vascular load including peripheral resistance, total lumped vascular compliance, characteristic impedance, and systolic and diastolic time intervals. This parameter can also be approximated by the steady-state ratio of end-systolic pressure obtained from the pressure-volume loop divided by stroke volume (Pes/SV). It is this even simpler approximation that has rendered Ea so useful in studies of ventricular arterial interaction, known whether it applies to real impedances in human subjects with stiffer vasculatures.
The purpose of the present study, therefore, was to test the validity of assessing human vascular loading by Ea as derived from steady-state pressure-volume data. To achieve this, simultaneous invasive measurements of ventricular pressure-volume and aortic pressureflow (input impedance) data were obtained in 10 subjects under a variety of loading and pharmacological conditions. Vascular parameters (three-element Windkessel model) were derived from the arterial pressure-flow data and used to determine an effective elastance [Ea(Z), the "Z" denotes its derivation from
arterial data] characterizing the vascular load. This was then directly compared with the Pes/SV ratio obtained from simultaneous pressure-volume loops [denoted as Ea (PV)]. The results reveal an excellent correspondence between the measures and also provide an approach for calculating P,, and thus Ea from routine arterial pressures.
Methods
Ten subjects (nine men and one woman) aged years were studied in the catheterization laboratories of the Veterans General Hospital, Taipei, Taiwan. Patients were referred for routine diagnostic cardiac catheterization primarily for atypical chest pain. All Liu et al.28 This avoids nonlinear curve fitting to the diastolic pressure wave by using the area under the waveform.
Aortic input impedance was measured from simultaneously recorded ascending aortic pressure and flow. Steady-state beats were selected, ensuring that the flow waveform had a nearly flat baseline during diastole. The flow signal was first offset so that the baseline had a mean of zero. It was then integrated, and the area under the curve was set equal to stroke volume determined from the ventriculogram. Pairs of pressure and flow data for each beat were analyzed by discrete Fourier transform. The amplitude (modulus) and phase spectrum of input impedance were calculated by dividing the amplitudes (pressure/flow) and subtracting the phase angles at each harmonic, respectively. The resulting impedance spectra for several beats under each condition were averaged at each harmonic and expressed as a mean and 2 SD. Spurious data arising from flow signal noise were excluded by using only spectral components of flow that were of greater amplitude than that found at baseline during mid-to-late diastole. In addition, impedance data above 12 Hz were not analyzed in accordance with previous experience. 3 The following parameters were obtained from the impedance spectra: the zero frequency modulus or total resistance (RT), characteristic impedance (ZO) deter from the onset to end of ejection. In contrast, the older, hypertensive subject (B, dashed lines) has a wider pulse pressure, an early pressure inflection, and a late systolic peak. The flow waveform demonstrates a reduced peak and early plateau synchronous with the pressure inflection. The corresponding pressure-volume loop displays a progressive rise in pressure throughout ejection (trapezoid shape). All these characteristics are consistent with reduced arterial compliance and enhanced wave reflections. These data, in particular, are distinctly different from the animal data previously used with validated Ea.
For each pressure-volume loop, a line is shown connecting the end-systolic pressure-volume point to the point at (EDV,O). This line has an absolute slope equal to PJW/SV and thus provides graphical representation of Ea(PV). Figure 2 displays impedance spectra corresponding to the pressure-flow data of the previous figure. The large zero frequency modulus (mean resistance, 1,227.9 dyne-sec cm`for normotensive subject A versus 2,096.9 for hypertensive subject B) is not plotted to better demonstrate disparities in higher-frequency terms. The first modulus minimum and zero-phase crossover point occur at a lower frequency for subject A compared with B. In addition, there are greater fluctuations beyond the first modulus minimum and first zero-phase crossing in subject B. All these differences are consistent with an older and stiffer vasculature for the group B patient. It is worth contrasting the relative complexity of the impedance spectra assessment of vascular load as opposed to the simplicity of the Ea representation shown in Figure 1 Combining all the data from baseline, reduced preload, and drug interventions (n=33), the correlation between Ea(PV) and Ea(Z) remained excellent, again IZImaI-IZmni/Zo, arterial reflection index (see "Methods").
falling along the line of identity (Figure 3 ). The linear relation was given by Ea(PV)+0.98 Ea(Z)+0.17, r2=0.98, p<0.0001, with a small SEE (0.09 mm Hg/ml).
E,(PV) Versus RT/T
To test the correspondence between Ea and the more common measure of arterial load, namely mean arterial resistance, we compared Ea(PV) with the ratio of total mean resistance divided by cardiac cycle length (RT/T, see "Methods," Equation 2). Dividing RT by cycle length is required to convert resistance to elastance units. As was true for the relation between Ea(PV) and Ea(Z), there was a strong linear correlation between Ea(PV) and RT/T: Ea(PV) = 1.0 * RT/T+0.25; r2=0.96, p<0.0001 (Figure 4) [17] [18] [19] [20] 22, 24, 30 The primary assumption was that the vasculature could be reasonably modeled by a three-element Windkessel.16 Studies performed first in isolated, ejecting canine hearts17'18,24 and later in intact ventricles22 confirmed the validity of the theoretical model as well as its value for predicting integrated function variables. However, determination of Ea from the Pes/SV ratio required additional simplification of the complex expression (Equation 1) derived from lumped vascular parameters. These assumptions have been shown to be reasonable in isolated heart preparations and normal animals. 16 The present data extend this to human subjects, both normotensive and hypertensive and young and old. Despite differences between the idealized pressure waveforms used in prior modeling studies and the real human data analyzed in the present study, Ea(PV) was virtually identical to Ea(Z). In "Methods," Ea(Z) and Ea(PV) were related through two assumptions (Equations 2-4): Pes is approximately equal to Pmean, and the diastolic decay time constant (r) is long relative to the diastolic time period (i.e., compliant system). However, in aged or hypertensive subjects, neither assumption holds. This is because the arterial vasculature becomes stiffer or less compliant,1-9 resulting in a considerable disparity between mean arterial pressure and Pes but also in shortening of the diastolic decay time constant (r). The two effects offset one another (see Equation 1) so that Ea(Z) is still nearly equal to Ea(PV). This fact and the persistent high linear correlation between Ea(PV) and RT/T can be best explained if there are relatively few types of vascular property change that naturally occur.3 Such changes primarily result from lower elasticity leading to a widened pulse pressure and enhanced wave reflections. [4] [5] [6] Arterial Load and the Pressure-Volume Loop
In adult humans, there are important age-related effects of arterial stiffening on vascular impedance, the arterial pressure wave contour, and pressure-volume loop shape. Although the first two have been well In addition to vascular impedance load, Ea also incorporates heart rate information (see Equations 1 and 2). One can argue that inclusion of cycle length in a parameter meant to estimate arterial load is problematic, because the measurement is thus sensitive both to vascular and cardiac properties. However, heart rate is an important determinant of cardiac pump performance, and an increase in rate can have similar effects (increasing the Pes/SV ratio) as an increase in resistance. This change is understandable in light of the shortened diastolic decay period and thus higher mean pressure during tachycardia. Heart rate dependence of Ea has recently been used to distinguish inotropic effects of pacing tachycardia from dobutamine stimulation.38 Conclusions Recent studies have stressed the importance of abnormal pulsatile load effects on cardiac function, energetics, cardiac hypertrophy, and the physiology of aging. 4,7,10-12.36 Simple methods to assess this load have been sought, including pulse waveform and impedance analysis.1"313 In the present study, we demonstrated that the ratio of end-systolic pressure to stroke volume [Ea(PV)I can also index this load, with the additional and considerable advantage that it is easily linked to measures of ventricular chamber function. Our analysis also provides a method to approximate Ea from routine arterial pressure recordings, thereby removing requirements for more complex pressure-volume relation analysis. We would anticipate that this load estimate, particularly in older or exercising subjects, will be valuable because of its more direct relation to systolic chamber performance.
